This paper shows coastal evolution along the Andalusia Region (Spain) and the impacts on it of coastal structures. The study area was divided into 47 units to calculate the erosion/accretion/stability (or evolution) rates by using the DSAS extension of ArcGIS software. Evolution rates were divided into different classes from "Very high accretion" to "Very high erosion". As a result, 9 units recorded accretion, 19 stability and 19 erosion. Further, 17 units presented a positive balance and 28 units a negative one, showing a negative net balance of 29,738.4 m 2 /year corresponding to the loss of 1784.30 km 2 of beach surface in the 1956-2016 period. The distribution of evolution areas along the studied coast was carried out by means of the "R" project for statistical computing. The analysis evidenced the impact of rigid structures: accretion was essentially observed up-drift of ports and groins and in correspondence of protection structures, especially of breakwaters. Erosion classes were observed down-drift of ports and groins and in correspondence of revetments/seawalls, and at largest river deltas, and "stability" was observed at pocket beaches and coastal areas locally stabilized by protection structures. Last, results were used to determine the distribution of swash-and drift-aligned coastal sectors and main direction of sedimentary transport.
Introduction
Over past decades, coastal erosion related impacts on the world shorelines have been significantly growing due to ongoing coastal development and tourist occupation [1] [2] [3] as well as to climatic change-related processes [4] , such as sea level rise, the increasing height of extreme waves, or changes the frequency of storms and their intensity [5] [6] [7] [8] . This has enhanced scientific interest on the effects of coastal erosion processes, which have been investigated over various time-scales using a variety of methods and data sets according to the study time spans [9] [10] [11] [12] [13] .
Studies on short-term shoreline dynamics are usually carried out at small spatial scales, during a time span of less than 10 years [10] , by using beach topographical profiling or 3D surveys, repeated at regular intervals [12, [14] [15] [16] . Vertical aerial photographs, satellite images, maps and charts are very useful tools for the reconstruction of coastline changes at long (>60 years) and medium (between 60 and 10 years) temporal scales and large spatial scales [10, [17] [18] [19] .
The prediction of the future coastline trend must be based on the study of coastal changes which have occurred in the recent past taking into account a comparable time scale [20] . This is of especial interest in tourist areas because of the potential damage to human structures and related economic activities and the loss of beaches, which are considered as a major player in tourist markets [21] since Beaches are usually composed of medium to coarse dark sands and/or pebbles at ramblas mouths. They are often interrupted by rocky sectors and headlands that give rise to pocket beaches (calas) of different sizes. Beaches generally show intermediate to reflective morphodynamic states [30] .
The coast is a micro-tidal semidiurnal environment (tidal range < 20 cm) [41] exposed to winds blowing from SE to SW with minimum and maximum velocities ranging from 0.4 to 9.0 m/s. The wave climate and storm energy, along the Andalusian coast is very variable [42] . The coasts close to Gibraltar Strait are mainly affected by eastern storms, whereas the central coasts (Málaga and Almería areas) are exposed both to western and eastern storms. Finally, the easternmost portion of the Andalusian coast ( Figure 1) is NNE-SSW oriented and primarily exposed to eastern storms [42] .
Waves show a clear seasonal behavior with storm conditions being recorded during November-March (i.e., the winter season [30, 43] ). Due to shoreline orientation, predominant easterly winds and associated storm waves give rise to sea wave conditions generating a prevailing westward littoral drift [43] . Winds from western directions and associated sea waves as well as swell waves that only rarely filter from the Atlantic Ocean, give rise to an opposing drift, which is particularly important in certain coastal sectors and/or periods [30] .
Methodology
A general evaluation of the erosion/accretion state of the Andalusia coast was previously made by REDIAM Red [44] , although only aerial photographs taken in 1977 and 2009 were used; some more detailed analysis at given problematic areas included data from 1956. In this study, aerial orthophotographs from five different years (i.e., 1956, 1977, 2001, 2010 and 2016) and scales (Table 1) were used to reconstruct and quantify shoreline evolution over a medium-term period (60 years, according to criteria proposed by Crowell et al. [10] ). Photo interpretation and Geographic Information System (GIS) methods were applied for data processing. The orthophotos were obtained by the Web Map Services (WMS) developed by the Junta de Andalucía (i.e., the Regional Government) following the Open Geospatial Consortium (OGC) interoperability standards. All information was presented in metric Projected Coordinate System WGS84, UTM zones 29 N and 30 N. The Andalusia shoreline is composed by cliffed (ca. 195 km, marked with a coarser line in Figure 2 ) and sandy sectors (ca. 350 km). Cliff sectors evolution was not quantified because their changes were within the accuracy of the method used. The temporal and spatial coastal evolution of the rest of the coast was covered by this paper except for a few sectors that were not included due to their small spatial dimension and/or the absence of aerial orthophotographs. The most important beach systems evolution was analyzed by dividing the studied area into 47 units, limited by natural or artificial structures (Table A1 ). Shore-normal transects were drawn at each unit with a spacing fixed at 25 m, obtaining a total of 11,494 transects along 284.95 km of coastal length ( Figure 2 ). Computation of change rates between shorelines at each transect was made by using the DSAS extension of ArcGIS [45, 46] by calculating the Shoreline Change Envelope (SCE) and the Net Shoreline Movement (NSM) [47] . The SCE method deals with variability at each transect taking into account the maximum spatial recorded displacement of shoreline, regardless of the time span along which it was recorded. The NSM is associated with the dates of only two shorelines and it reports the distance between the oldest (1956) and youngest (2016) shorelines for each transect although this movement may be not the maximum shoreline displacement recorded. Erosion/accretion/stability (or evolution) rates were obtained by using [48] : (i) the "Weighted Linear Regression" (WLR), e.g., more reliable data are given greater emphasis or weight towards determining a best-fit line and considers all used shorelines; (ii) the "Linear Regression Rate" (LRR), which is determined by fitting a least-squares regression line to all shoreline points for a particular transect; and (iii) the "End Point Rate" (EPR), which is calculated by dividing the distance of shoreline movement by the time elapsed between the oldest and the most recent shoreline.
Mediterranean
The precision and accuracy of aerial photogrammetric measurements depend on the total uncertainty (σ T ) associated with the determination of each shoreline position, which was sorted out by using the following relation [49] :
Such total uncertainty depends on documents own characteristics and digitalizing process [50] , i.e., the digitalizing error (σ d ), accuracy linked to pixel size (σ p ), ortho-rectification error (σ r ), image co-registration error (σ co ), and on shoreline definition and position determination. In fact, shoreline is usually taken as the water/land contact, especially in microtidal environments [51] [52] [53] [54] or as the seaward vegetation limit, dune foot, or cliff top, in mesotidal environments [10, 55, 56] . Given the micro-tidal nature of the studied coast and the absence of foredune ridges in most part of the zone, in this work, the shoreline position was defined as "the water line at the time of the photo" [53, 54] and corrections were carried out according to wave run-up (σ wr ) and tidal conditions (σ td ) in the sense of Manno et al. [49] . Both parameters were calculated for the five areas in which the investigated littoral was divided. Calculated values of mentioned errors/uncertainties per each shoreline are presented in Table A2 .
Evolution rates were calculated for the whole considered period and all the investigated shorelines, following the (previously described) WLR method and divided into seven classes ( Table 2 ). The choice of intervals was based on the results obtained by means of the statistical analysis of the WLR data obtained with DSAS. It was considered that the 50% of the total data corresponded to "Moderate accretion"/"Moderate erosion" classes; values up to the 95% of the total data corresponded to "High accretion"/"High erosion" classes; and values >95% of the total data corresponded to "Very high accretion"/"Very high erosion" classes. It was decided to use the ±0.2 interval as "Stability class" because it corresponds to the most frequent small changes related to seasonal oscillations (Table A3) .
The "R" Project for Statistical Computing (http://www.r-project.org/) was used to create interaction plots to describe evolution classes distribution according to their location in areas free of structures and in correspondence of (or close to) coastal protection structures (revetments/seawalls, breakwaters and groins) and ports.
Finally, the analysis of the distribution of accretion/erosion/stability classes in relation to ports and rigid structures location allowed to determine drift-and swash-aligned coastal sectors and main direction of longshore transport. 
Results
Within each unit, the most represented evolution class was considered as representative, as shown in Figure 2 . A balance among eroded, accreted and stable beach areas was also calculated within each unit: at all cases (but 5) the unit balance coincided with the most represented evolution class (Table A3) . None of the 47 units showed "Very high accretion" and only one unit (i.e., no. 37) presented "Very high erosion". Specifically, 9 units, corresponding to 2854 transects (or 70.35 km), recorded accretion; 19 units, i.e., 3647 transects (or 89.9 km), stability; and 19 units, i.e., 4993 transects (or 124.07 km), erosion ( Figure 2 ).
Taking into account the length inhomogeneity of the units, the balance was calculated between erosion, accretion and stability areas at each unit, and also at a global scale after considering all transects investigated. A total of 17 units had a positive balance (34,873.5 m 2 /year) and 28 a negative one (−64,611.9 m 2 /year). Overall, the investigated coast showed a negative net balance corresponding to the loss of 1784.30 km 2 of beach surface in the 1956-2016 period.
The distribution of the different classes of accretion, erosion and stability is presented in Figure 2 . Two large erosion zones are evident along the SW area of Málaga Province and east of Almería Province ( Figure 2 ). A large zone constituted by four "High accretion class" units was recorded at the eastern end of Málaga Province located between two areas of "Stability class", one close to Torremolinos, and the other to La Herradura.
Concerning accretion classes, an example was observed east of Málaga (Units 18-21, Figure 2 ); as a result of the emplacement of several defence structures and nourishment works, a 31.1 km in length accretion coast was generated. At the unit close to Málaga (Unit 18, Figures 2 and 3) , the most frequent evolution class observed was "High accretion".
Among all the studied units, only two showed "Moderate accretion" and it was strictly related to the emplacement of structures. One example of this case is the area close to La Mamola (Unit 31, Figure 4 ): at the western edge of the unit, the beach is currently protected by six groins. Previously, there were eight shorter groins; three of them were removed and the easternmost structure was emplaced between 2001 and 2010 ( Figure 4 ).
Erosion classes were mostly observed in the westernmost end of Málaga Province (between Units 4 and 10, Figure 2 ), close to the ports of La Duquesa, Estepona, and Puerto Banús, and a large number of coastal structures.
A similar trend was observed at Almerimar unit (Unit 37, Figures 2 and 5) where approximately 32 km 2 of beach surface were eroded during the 1956-2016 period. Coastal evolution of this unit was greatly linked to the construction in 1978 of the port of Almerimar ( Figure 5 ).
Erosion classes were also frequently observed at river deltas. The evolution of Adra area (Unit 34, Figure 2 ) is presented in Figure 6 . "Very high" and "High erosion" classes were observed on the area between the old and the present delta, especially at a 400 m long sector on the east side of the current mouth of the Adra River ( Figure 6 ) whose basin was greatly modified during last decades: the construction, west of the river delta, of the port of Adra, interrupted the sedimentary transport and a new delta front was originated due to the artificial deviation of the main river channel ( Figure 6 ).
The area including San Pedro de Alcántara (Unit 9) and Coral Beach (Unit 10, Figures 2 and 7) , is constituted by two adjacent coastal units separated by Puerto Banús Port. This is a good example of shoreline evolution under the influence of reduced river supplies and massive development of structures. The area shows the presence of four rivers and seven streams, a port, several coastal structures and a strong anthropic impact (Figure 1 ). (Table A3) (Table A3 ) and the net beach surface evolution for the 1956-2016 period was positive (19,230 m 2 , i.e., 320.50 m 2 /yr). In 1977, great erosion was observed east of the Polopos Stream mouth. In the 2001 aerial orthophoto, eight protection structures that did not solve erosion problems can already be observed. In the following years, such structures were modified and new ones were emplaced. Colored arrows indicate the position of present structures and white arrows those of previous ones. It is the only unit that showed "Very high erosion" (63.8%, or 1.5 km) and the net beach surface evolution for the 1956-2016 period was negative (382,815 m 2 , i.e., 6380.25 m 2 /yr). At the urbanized area situated between the port and the "L" shaped breakwater, erosion rates ranged between "High" and "Very high erosion" east of the port and of the "L"-shaped structure. Arrows indicate the position of protection structures. At San Pedro de Alcántara, erosion zones were located at western side of coastal structures and promontories and in correspondence of some rivers mouths, especially at Guadaiza River. Accumulation was observed east of Puerto Banús Port: this produced erosion at Nueva Andalucìa Beach where breakwaters were emplaced forming tombolos that favored the migration of erosion problems at nearby areas, i.e., at Guadaiza River mouth, an area already eroding because of the decrease of river sediment supplies. In the 1970s, the emplacement of eight structures at Nueva Andalucía, favored accretion values up to 1.34 m/year (Figure 7) .
At Coral Beach, "High erosion" was observed close to the mouth of the Verde River and the sector eastern of the port showed "High" and "Moderate accretion" values ( Figure 7) . A coastal structure, indicated with an arrow in Figure 7b Stability classes were observed at several pocket beaches (especially between Málaga and Granada provinces) and at few areas stabilized by coastal protection structures (e.g., La Línea de la Concepción).
La Herradura (Unit 24, Figure 8 ) represents a stable pocket beach that presented light accretion in its eastern edge, close to Punta de la Mona headland. La Línea de la Concepción (Unit 1, Figures 2 and 9 ) is about 2.3 km in length. It is a very urbanized unit that counts with a promenade along the entire beach and several short groins. 
Discussion
This section discusses the distribution of erosion/accretion/stability classes (or evolution classes) according to their location, i.e., up-drift, down-drift or in correspondence of coastal structures, or in "natural" areas free of structures. Then, the distribution of evolution classes was analyzed considering structures location/characteristics and wave approaching front directions to determine the distribution of swash-and drift-aligned costal sectors and prevalent longshore transport direction.
Evolution Classes at Natural Coastal Sectors
Transects located at natural areas (Figure 10a ), i.e., areas with no ports and protection structures, recorded average retreat rates of 0.17 m/year. Special attention was devoted to the behavior of transects located at deltas and river mouths (Figure 10a ), which showed average retreat rates of 0.62 m/year, reaching high and very high erosion values, e.g., 1.88 m/year at Adra Delta, 1.00 m/year at Andarax Delta and 1.15 m/year at Aguas River mouth, in Almería Province. Retreat rates of 3.71 and 0.82 m/year were, respectively, recorded at Vélez River Delta and at Verde River mouth in Málaga Province. In Almería, the erosive evolution of the deltas of Andarax and Adra rivers, and of the eastern zone of the province, were greatly influenced by the torrential nature of those rivers and other streams, as well as by the progressive construction of dams that greatly reduced sediment inputs to the littoral [58, 59] , a common trend also observed at other places by Syvitski et al. [60] and Kim et al. [61] . The Beninar Dam, built in 1988 in the Adra River, brought to the construction of about 100 small groins along the east side of the current delta [39] .
The Vélez River delta is a good example of an erosive behavior. The delta apex is very susceptible to erosion: a divergence of transport was observed at such location and sediments were accumulated at both sides of the apex [39] , this being a common trend also observed at the Guadalfeo and Andarax deltas [39] , as well as on the Nile [62, 63] , Ebro [11] and the Arno [64] deltas. Since 1988, several dams were emplaced in the basin of the Vélez River that significantly reduced fluvial sedimentary load [65] . Accretion was observed at the eastern area of the delta because of the emplacement of coastal structures and periodic nourishment works [39, 66, 67] .
Located on the Verde River, La Concepción Dam is the most important fluvial engineering work of Costa del Sol [68] , with an artificial lake surface of 2.14 km 2 , a volume capacity of 57 × 10 6 m 3 and an affected river length of 5 km. Before dam construction, the Verde River constituted the main source of sediment to the Marbella coastal area [68] [69] [70] .
Transects located at pocket beaches showed the prevalence of stability values and a typical pivoting behavior [71] , e.g., La Herradura (Unit 24, Figure 8 ). This is because pocket beaches are restricted sedimentary systems, i.e., they experience little or no connection to other systems because the presence of rocky headlands limiting them [72] .
Evolution Classes versus Coastal Structures Location and Characteristics
In sandy sectors, the spatial distribution of accretion, erosion and stability areas is essentially influenced by the emplacement of protection structures, ports and existing natural headlands and the way such structures interact with the incoming waves, as observed at different areas by the authors of [31, 34, [73] [74] [75] .
Concerning the effect of coastal protection structures, seawalls and revetments reflect wave energy; this process restricts the natural inland migration of sediments and, consequently, induces erosion and beach losses in front of them [76, 77] , as also observed in this paper. Specifically, 1075 transects were linked to the presence of revetments and seawalls and, even though they were located in correspondence, up-or down-drift of structures, they were always characterized by high erosion values (from 0.13 to 0.35 m/year, Figure 10b ).
Breakwaters produce tombolos [78, 79] , as widely observed at Málaga Province (e.g., Málaga and Puerto Banús, Figures 3 and 7) at these areas accretion classes were recorded, especially where structures were very numerous. Specifically, 290 transects were located in correspondence and up-or down-drift of breakwaters. This typology of structure was much more effective in retaining sediments than groins and showed average accretion values up to 0.89 m/year, close to the ones recorded up-drift of ports (Figure 10b,c) .
Shore-normal structures (i.e., groins and jetties) and ports act as absolute or permeable cell limits [73] that affect surf zone circulation usually producing accretion up-drift and erosion down-drift, as extensively observed by Anfuso et al. [34] along the Caribbean coast of Colombia or by Anfuso et al. [80] in southeastern Sicily. This was also recorded in this paper: transects located close to groins clearly reflected longshore transport effect, i.e., up-drift accretion with average values of 0.16 m/year and average down-drift values of 0.13 m/year (Figure 10b ).
Concerning transects located close to ports, they were divided into two groups, i.e., up-and down-drift transects when ports were located in drift-aligned coastal sectors (i.e., in a coastal area where a clear longshore transport direction was observed; see Figure 2 and Section 5.3) and in eastern and western transects when they are close to ports located in swash-aligned sectors (see Figure 2 and Section 5.3).
Regarding ports located in drift-aligned areas, transects located up-drift recorded the greatest accretion classes respect to other typologies of structures and erosive transects were observed in down-drift areas (Figure 10c ), e.g., at Sotogrande Port in Cádiz Province and at Garrucha Port in Almería, a common trend observed along sandy coasts [77, 79] . Ports located in swash-aligned sectors showed accretion at both sides (Figure 10c) . The form and dimensions of the newly formed beaches depend on the characteristics of the structures and wave regime as observed by different authors (e.g., [31, 34, 73] ).
Commonly, the development of erosion processes in down-drift areas was prevented with the progressive emplacement of new structures generating the so called "domino" effect [81] . This process, frequently observed along the Mediterranean coast [31, 34, 38, 80] , translates and amplifies erosion processes in down-drift areas. An example was the construction of the port of Almerimar ( Figure 5 ) in 1978; according to [59] , it caused the down-drift disappearance of 20,000 m 2 of beach surface. In 1996, two structures were successively emplaced to reduce coastal erosion; these structures proved to be ineffective and caused the loss of more than 135,500 m 2 [59] . Nowadays, periodic artificial nourishments are carried out to maintain this beach. Despite the emplacement of structures, an important cause of beach erosion during the 1956-1988 period was the illegal extraction of more than 5 million cubic meters of sand from beaches and dunes in Punta Entinas-Sabinar zone [59] .
Last, shoreline evolution was not always uniform, i.e., recorded an inversion of trend, usually from erosion to accretion, as observed at several erosion spots where the erosive trend was contrasted by the emplacement of coastal structures and/or artificial nourishments, e.g., at Puerto Banús (Figure 7 ) and at La Línea de la Concepción (Figure 9 ).
Swash-and Drift-Aligned Coastal Sectors
The analysis of beach plan form and its temporal variation, which depends on wave climate [75, 82] and natural and human structures characteristics [73] , can be used to determine coastal sectors with drift-aligned or swash-aligned shoreline trends. Drift-aligned shoreline sectors are the result of a clear unidirectional transport while swash-aligned shoreline sectors are the result of a bidirectional longshore transport and/or a cross-shore transport [31] .
Swash-aligned shoreline form was observed at two extended areas: at Costa del Sol (Málaga) and in the Gulf of Almería (Figure 2 ). The former (Málaga, Unit 18) is shown in Figure 3 : this is a strongly urbanized coast [31, 66] , with a large number of coastal protection structures. Huge amounts of sediments, which altered the natural dynamics of the area, were injected to counteract erosion processes linked to recurrent storms. Further alteration to the dynamic characteristics of this area was caused by the construction of many groins, successively replaced by breakwaters, which favored the creation of tombolos [66] and the formation of a stable, swash-aligned coast [31] .
Concerning the main transport directions observed in this paper (Figure 2 ), they reflected wave roses ( Figure 1 ) and storms approaching directions presented by Molina et al. [42] . The drift-aligned, easternmost part of the investigated littoral is sheltered, because of its geographic location, to the Atlantic swell waves and exposed to east approaching fronts forming an angle of ca. 45 degrees with the shoreline; the main sediment transport direction observed at this area confirmed such data showing a NE-SW main transport trend at La Línea de la Concepción (Unit 1, Figure 9 ) and at Sotogrande where the port, constructed in 1987, clearly interrupted longshore transport (Figure 11a ). At the central part of the studied coast (Points 2 and 3, Figure 1) , which is drift-aligned, wind and waves approached from W, E and E-NE directions, the W component prevailing due to the increase of the western geographic fetch. Hence, offshore wave fronts are broadly normal to the coast and the most energetic events approached from these directions too [42] .
As observed in Suffolk (UK) by Burningham and French [83] , the bimodal wave climate has a strong control on sediment movement alongshore. The W-E transport direction was observed in the central part of the investigated littoral, e.g., at Adra (Unit 34, Figures 6 and 11b ) with a clear evidence at Adra Port where a dock was built in 1947 to avoid infilling problems [58] . The eastern coast of the studied area, which is drift-aligned, is NNE-SSW oriented so it is sheltered to the W, and the E-NE approaching directions prevail (forming an angle of ca. 30 degrees with the shoreline, Point 4, Figure 1 ); this is confirmed by the NE-SW transport direction observed in this study, e.g., at Garrucha (Unit 47, Figure 11c ).
Conclusions
This study analyzed the evolution, during a 60-year time span, of the Mediterranean coast of Andalusia, making special emphasis on the impact of coastal structures. The coast was divided into 47 units of different lengths and, within each unit, the evolution rates were calculated by using the DSAS extension of ArcGIS software. Along the investigated area, 9 units recorded accretion, 19 recorded stability and 19 erosion. Seventeen units presented a positive balance and 28 units a negative one. The investigated littoral showed a negative net balance of 29,738.4 m 2 /year corresponding to the loss of 1784.30 km 2 of beach surface in the 1956-2016 period.
Concerning the influence of coastal structures, it was observed as accretion areas were essentially observed up-drift of ports and groins and in correspondence of breakwaters. Coastal areas in front of revetments always recorded erosion, which was also relevant down-drift of ports and groins, as well as at the mouths of largest rivers and deltas. Stability was observed at several pocket beaches and at areas stabilized by coastal protection structures. The analysis of shoreline trend and form as well as the influence of coastal protection structures and ports in promoting erosion or accretion processes, allowed to reconstruct the distribution of drift-and swash-aligned coastal sectors and longshore transport directions, mainly depending on coastal orientation with respect to the prevailing wave approaching fronts. This is a quite complex, indented coast associated with an active alpine orogen contacting the sea, affected by two prevailing winds blowing parallel to the main direction of the coast. As a result, swash-aligned coastal sectors predominate inside the main embayments (e.g., Málaga Bay and Almería Gulf), while the rest is represented by drift-aligned sectors. Nevertheless, the direction and sense of prevailing drift currents change from one sector to another, e.g., southwards in the NE-SW oriented sectors, eastwards in the central sectors. 
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